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IkB±NF-kB Structures: Minireview
At the Interface of
Inflammation Control
genes involved in controlling, for example, cell adhesion,
immune stimulation, apoptosis, chemoattraction, differ-
entiation, extracellular matrix degradation, redox me-
tabolism, and production of mediators have been shown
to be regulated by NF-kB. The key molecular structure
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controlling all of these dramatic biochemical and physio-
logical events is the complex between NF-kB and its
inhibitor IkB. In this issue of Cell, two articles report onThe dramatic difference between healthy and acutely or
the atomic details of this biomedically highly relevantchronically inflamed tissue is due to the new expression
protein structure (Huxford et al., 1998; Jacobs and Har-of a host of proteins not normally needed by the organ-
rison, 1998). The two structures show a number of differ-ism. Many of the genes encoding such proteins are
ences in how IkB contacts the NF-kB p65 subunit thatturned on by NF-kB, a transcription factor that is in an
will require further analysis. However, in their sum theyinactive form in the cytoplasm and is swiftly activated
give a most impressive picture with important mechanis-by a large variety of proinflammatory and noxious stimuli
tic and structural clues.(reviewed in Baldwin, 1996; Ghosh et al., 1998; Sha,
NF-kB binds to DNA as a dimer that can be composed1998). What ensures that NF-kB is not active in healthy
of the subunits RelA/p65, p50, p52, c-Rel, and RelB.
tissue is its tight association with a class of specific
Crystal structures with DNA have been obtained for p50,
inhibitory proteins, called IkBs, that prevent nuclear p52, and p65 homodimers and p65/p50 heterodimers
translocation and DNA binding of the transcription factor (for references, see Huxford et al., 1998). Unlike any
(Baeuerle and Baltimore, 1988). In response to proinflam- previously described DNA-binding protein, NF-kB sub-
matory stimuli, IkB is first phosphorylated in its N-ter- units form two immunoglobulin (Ig)-like domains in their
minal domain by a large multikinase complex, then poly- Rel homology domain (RHD). The C-terminal RHD is
ubiquitinylated, and finally degraded by the proteasome used for dimer formation and DNA backbone contacts,
(reviewed in Baeuerle, 1998; Ghosh et al., 1998). The and the N-terminal RHD is used for both backbone and
released NF-kB is transported into the nucleus, where sequence-specific major groove contacts with DNA
it will initiate gene transcription upon binding its cognate (Figure 1). The amino acid residues contacting the DNA
DNA motifs in regulatory segments of genes. There is target are in sequences looping out from the b strand±
evidence that IkBa, which is very rapidly resynthesized stabilized Ig-like domains.
after degradation, can enter the nucleus and remove At least six IkB proteins are involved in controlling
NF-kB from DNA. The inactive NF-kB±IkB complex is the activity of NF-kB dimers. The stimulus-dependent
then transported back into the cytoplasm thereby com- regulators are IkBa, -b, and -e, whereas IkBg, IkBd, and
pleting a cycle of activation and inactivation of NF-kB Bcl-3 have other functions (Ghosh et al., 1998). For ex-
(Zabel and Baeuerle, 1990; Zabel et al., 1993; Arenzana- ample, a complex of Bcl-3 with either p52 or p50 homodi-
mers binds to DNA to stimulate transcription (reviewedSeisdedos et al., 1997). More than 60 proinflammatory
Figure 1. Schematic Presentation of the IkB/
p65/p50 Structure Combining Features from
Both Studies
Shown in red is IkBa. The numbers refer to
the ankyrin repeats. Shown in yellow is p50
and in green p65 with their two Ig-like do-
mains. Dashed lines indicate sequences
missing from the structures. RHD, rel homol-
ogy domain; P, phosphate groups on serines
32 and 36; C and N, C and N termini of the
three proteins.
Cell
730
Figure 2. Amino Acid Residues Involved in
Interactions between IkBa, p50, and p65
The data are taken from Figures 1a and 1b
of Huxford et al. (1998) and Figure 1 of Jacobs
and Harrison (1998). The numbering for hu-
man p50 and p65 was chosen. Common con-
tact residues reported for both structures are
shown in black. Shown in gray are residues
only seen in the structure by Huxford et al.,
and shown in yellow are residues only seen
by Jacobs and Harrison.
in Lenardo and Siebenlist, 1994). The structural hallmark to the p50/p65 dimer in both studies (Figure 1). The ARD
of IkBa forms a slightly bent cylinder with five loopsof the various IkB proteins is an ankyrin repeat domain
(ARD) (Bork, 1993) containing six or seven closely adja- protruding from the packed arrangement of stacked a
helices. These loops in between the repeats contain thecent repeats. The structures of four unrelated ankyrin
repeat proteins have previously been elucidated and residues that specifically recognize NF-kB. The appear-
ance of IkB in the NF-kB complex is reminiscent of ashow that ARDs function as a stacked structural unit
orienting residues on its surface for specific protein± backbone lying between the two lungs, whereby each
ankyrin repeat is a vertebra. The contact area of theprotein interactions (for example, see Batchelor et al.,
1998; Baumgartner et al., 1998). The key question about ARD with NF-kB is large, with the most significant contri-
bution from the dimerized Ig-like domain of the p50/p65the IkB structure, however, is how does IkB bind to NF-
kB? In other words, what are its contact points with the RHD and repeats 3±5 of IkBa. In this part of the complex,
a high degree of overlap is found in the two studiestwo DNA-binding subunits, and how compatible is the
structure with the many published data produced by (Figure 2). There is also agreement as to how IkB obvi-
ously prevents the NF-kB dimer from binding to DNA:deleting, swapping, and point-mutating IkB and NF-kB
proteins? The structures of IkB±NF-kB complexes now part of p65 is profoundly changed in its conformation
when bound to IkB. In complex with the IkB inhibitor,allow us to answer these questions and to understand
how IkB can inhibit DNA binding, how IkB can control the N-terminal Ig-like domain of the p65 RHD, which is
flexibly linked to the C-terminal Ig-like domain, is foundthe nuclear translocation of NF-kB and how the different
affinities of IkBa for particular NF-kB subunits is struc- rotated by 1808 compared to the situation in the DNA-
bound complex, thereby occluding critical residues forturally determined.
Both studies used for crystallography a prototypic contacting DNA. An allosteric mode by which IkB can
remove DNA-bound NF-kB was suggested early on (Za-heterodimer of p65 and p50 NF-kB subunits and the
most extensively studied alpha form of IkB. In both bel and Baeuerle, 1990). The present structural studies
support a model by which both allosteric and directcases, heterotrimeric crystals were only obtained with
the C-terminal Ig-like domain of the p50 RHD, the entire modes of DNA-binding inhibition are used by IkB.
Very different results were obtained in the two studiesRHD of p65 and a truncated IkBa protein largely con-
sisting of its ARD and lacking most of the regulatory with respect to the interactions of ankyrin repeat 6 of
IkBa with the N-terminal Ig-like domain of the p65 RHD,N- and C-terminal domains (Figure 1). Huxford et al.
used an IkBa protein that was longer at the C terminus and interactions of ankyrin repeats 1 and 2 with se-
quences encompassing the nuclear localization signalthan the one used by Jacobs and Harrison (aa 67±302,
as opposed to aa 69±288), whereas Jacobs and Harrison (NLS) of p65 (see Figures 1 and 2). Only Huxford et al.
observed an interaction of repeat 6 and an adjacentused a p65 protein with more N- and C-terminal residues
than Huxford et al. (aa 1±323, as opposed to aa 19±304). partial PEST sequence with five residues of the N-termi-
nal Ig-like domain of the p65 RHD, and eleven moreThe major differences between the two studies (Figure
2) may pertain to these differences in protein length. residues were found to be ordered in the IkB C terminus
than observed by Jacobs and Harrison. This additionalOut of a total of 87 residues reported in the two studies
to be involved in intermolecular interactions, only 32 interaction was not seen in the structure by Jacobs and
Harrison because an IkBa protein with 14 fewer aminoare in common. The highest degree of overlap is found
where residues of IkB contact p50 and vice versa. Hux- acid residues at the C terminus was used. Although both
studies observe a similar rotation of approximately 1808ford et al. used murine p50 and p65 proteins, whereas
Jacobs and Harrison crystallized the human homologs. by the N-terminal Ig-like domains of NF-kB between its
DNA-bound and IkB-bound conformations, the axes ofGiven the high level of homology between mouse and
human NF-kB proteins, this may not have contributed these rotations are different. This difference may arise
from the additional contact between IkB and p65 seensignificantly to the differences. Both groups used human
IkBa for cocrystallization. in the study by Huxford et al. Since the N-terminal Ig-
like domain is flexibly linked to the C-terminal Ig-likeOverall, IkBa is found to bind in a very similar fashion
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domain, one would expect it to require an interaction residues 32 and 36, as well as enzymes that subse-
quently polyubiquitinylate lysine residues 21 and 22. Thewith IkB in order to be stabilized in a ªclosedº conforma-
tion. However, the oriention of this domain in the ab- C-terminal domain of IkB is in close vicinity to the flexibly
linked DNA-binding Ig-like domains of the dimer, wheresence of DNA and IkB is unknown. It is therefore possible
that the twisted form is also adopted in the uncomplexed it can potentially interfere with DNA binding to an even
greater extent, as seen in the structure by Huxford et al.NF-kB dimer and will only rotate upon binding to DNA.
This conformation would then instead mediate an ªin- What's next? It may be possible to obtain tetrameric
NF-kB structures that contain DNA in addition to IkBduced fitº binding to DNA. As suggested by the study
of Huxford et al., electrostatic interactions between IkB proteins. These will eventually show us how IkB proteins
inhibit DNA binding and what role their C-terminal do-and p65 may help to lock the subdomain in this confor-
mation. The C-terminal PEST domain of IkBa, which is mains play for this function. Structures containing both
an IkB-like protein and DNA may be obtained with thethe target for protein phosphorylation and largely absent
from the present structures, has the potential to interact proteins used by Jacobs and Harrison, with p52 or p50
homodimers bound to Bcl-3, and with NF-kB bound tomore extensively with the N-terminal Ig-like domain of
p65 (and p50?) and thereby interfere with its DNA bind- dephosphorylated IkBb, a form of IkBb that binds NF-
kB but does not inhibit DNA binding (Thompson et al.,ing. This would be consistent with biochemical data
showing that the PEST domain is required for inhibition 1995). The C-terminal domain of IkBb, in the inhibitory
phosphorylated form, may have a DNA mimetic function,of DNA binding (Ernst et al., 1995).
Ironically, the structure obtained by Huxford et al. or simply neutralize basic residues in NF-kB required
for phosphate backbone contacts to DNA. However, itlacked at the opposite end of the IkB molecule an exten-
sive interaction of IkB repeats 1 and 2 with the p65 NLS. remains questionable whether the presumably flexible
sequences in the C termini of IkBb and -a can be crystal-Obviously, this is because a p65 protein with 19 fewer
amino acid residues at the C terminus was used. The lized.
Although there is eventually more to be learned bystructure by Jacobs and Harrison contains 12 additional
p65 residues interacting with an additional 20 residues cocrystallizing longer and related IkB proteins, the sci-
entific community should highly appreciate both studiesfrom repeats 1 and 2 of IkBa (Figure 2). In their structure,
IkB forces the otherwise unstructured p65 NLS and and in particular the fact of their joint appearance. Only
their combination gives a comprehensive picture of theflanking sequences into an a-helical conformation that
may not be compatible with recognition of the NLS by sophisticated mechanisms by which IkB inhibits NF-
kB activity, thereby keeping an inflammatory genomicnuclear transport proteins (Conti et al., 1998). Much of
the higher avidity of IkBa for p65 may come from this response in check.
additional and extensive interaction. Huxford et al. find
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